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Introduction
Prediction of the effects of crop and weed management practices on weed populations could be useful in developing management practices which reduce herbicide and fossil fuel inputs. Such predictions require an understanding of the response of various life-history stages of weed populations to management practices such as tillage and mulching with killed cover crops.
Experiments comparing weed control methods in different tillage regimes have produced mixed results. Some authors have reported more annual weeds in notill (Jones 1966; Moss 1979; Wilson et al. 1986; Teasdale, Beste & Potts 1991) whereas others have reported fewer (Gallaher 1978; Robinson, Langdale & Stuedmann 1984) . Several studies have found the effects of tillage to. vary among species (Chancellor 1964; Froud-Williams, Drennan & Chancellor 1983; Buhler & Daniel 1988; Buhler & Oplinger 1990) . In particular, more grass weeds are commonly observed in no-till, with either equal or greater numbers of broadleaved weeds in till (Triplett & Lytle 1972; Cussans 1976; Pollard & Cussans 1976 ; 627 628 Weed seed production and seed bank Table 1 . Summary of treatments in 1986 and 1987. Treatments 3, 4, 5 and 11 are not discussed in this paper (see Mohler 1991) * Herbicide codes: G, glyphosate at 1.68 kg active ingredient ha-' applied 2-8 days before planting; A, atrazine at 0.56 kg active ingredient ha-' applied just after corn emergence; M, metolochlor at 2.24 kg active ingredient ha-' applied just after corn emergence. Froud-Williams et al. 1983; Wilson et al. 1986; Buhler & Daniel 1988) . The higher density of grasses in no-till has usually been attributed to ineffective herbicides. Mohler (1993) reviewed literature on the effects of tillage on weed density, and used an analytical model to predict that, in the absence of seed input, no-till will generally have higher weed density in the first year, but that tilled soil will have higher density in succeeding years. With annual seed input, no-till will generally have higher weed density in each year.
The complicated effects of tillage on weed density come about because tillage acts on weed seeds in a variety of ways. Tillage often reduces the seed bank by stimulating germination (Wesson & Wareing 1969a; Roberts & Feast 1973a, b; Bridges & Walker 1985) , but it also buries seeds which were previously near the soil surface, thereby inducing dormancy and promoting seed survival (Wesson & Wareing 1969b; Wilson & Cussans 1975; Dawson & Bruns 1975) .
Effects of tillage on species composition of the seed bank are also complex. Weed species possess characteristic periodicities of germination (Brenchley & Warington 1930; Roberts & Neilson 1980; Baskin & Baskin 1985) , and the effect of tillage on germination will be greater for those species whose germination period coincides with tillage operations. This may result in quantitative differences in species composition in tilled and untitled plots (Roberts & Ricketts 1979; Roberts & Potter 1980; Roberts & Boddrell 1984) . Moreover, residue which is not incorporated into the soil by tillage reduces germination stimuli such as temperature fluctuations and light intensity, but may stimulate germination where soil moisture is limiting . Rye mulch (Secale cerealet) has been shown to inhibit the germination of certain plant species by allelopathy (Barnes & Putnam 1983 Shilling, Liebl & Worsham 1985) .
Few studies have examined the effect of tillage or residue on seed production by weeds. Froud-Williams (1983) found that Bromus sterilis produced more seeds per plant in uncultivated plots when barley straw was burned, but that shallow cultivation had no effect in unburned plots. On an area basis, however, seed production declined with increases both in depth of tillage and in straw burning because of decreased weed density. In contrast, Moss (1987) found that shallow tillage increased the seed production per unit area of Alopecurus myosuroides in continuous winter wheat when straw was baled. Presumably, seed production is often correlated with weed density or biomass, so that, for example, the greater quantity of grass weeds reported in no-till systems probably implies greater seed production as well.
This paper reports the effects of tillage, a mulch of rye straw, herbicides, and the presence or absence of a crop on the seed production and seed banks of several springgerminating weeds common in sweet corn (Zea mays) cropping systems in the northeastern United States. Seed bank data are also reported for a suite of vautumngerminating species. This report complements that of Mohler & Callaway (1992) which discussed the effects of these factors on weed seedling emergence and survival, and of Mohler (1991) which described corn yields and weed biomass in the experiment.
Methods
The experiment used a randomized complete block design with eight replications. Weed seed production and the size of the seed bank in the soil were only measured in Treatments 1, 2, 6-10 and 12 (Table 1) , so the other treatments are not discussed here (see Mohler 1991) . 'Jubilee' sweet corn was used in all years. Prior to the work reported here, the field had been used for small-plot vegetable trials for several years.
ESTABLISHMENT OF THE EXPERIMENT
The entire field was mouldboard ploughed and disked, and on 17 July 1985 it was planted with corn to establish stubble for the following year. The presence of permanent demography quadrats prevented the use of tractor powered machinery in the experiment. A rear tine rototiller was used to prepare a seedbed 10-15 cm deep in the tilled treatments, care being taken to keep the demography quadrats in the same position. Corn was hand planted on 30 May -4 June, 1986 and 9-16 June, 1987 . Five rows 76 cm apart were planted per plot. Kernels were placed in pairs 3.5 cm deep at 20 cm intervals. At the four-leaf stage corn was thinned to a density of 4-9 plants per m-lof row (64 300 plants ha-'). Ammonium nitrate was sidedressed at a rate of 135 kg ha-', with half applied shortly after crop emergence and the other half applied at mid-season. Soil tests showed applications of phosphorus and potassium were unnecessary.
To control perennial weeds and kill the rye, glyphosate with surfactant (X-77, Loveland Industries, Greeley, Colorado) was applied 2-8 days before planting at the rate of 1.68 kg active ingredient per ha to all treatments except the uncropped control without herbicide (Treatment 10). 1-5 days following corn emergence all treatments except the uncropped control without herbicide (Treatment 10) were sprayed with a mixture of 0-56 kg active ingredient per ha of atrazine for control of broadleaved weeds and 2.24 kg active ingredient per ha of metolachlor for control of grasses. Atrazine and metolachlor act to prevent seedling emergence and have little effect on growth and survival of plants which manage to emerge after application. All herbicides were applied with a hand-held, constant pressure boom sprayer.
Rye was broadcast into the mulch treatments on 10 September, 1985 at the rate of 63 kg ha:-. Because of low germination, plots were resowed with an additional 60 kg ha-' on 6 October. In 1986 rye was sown on 17 September at the rate of 188 kg ha:-. Rye treatments were mowed with a string trimmer 2-8 days prior to corn planting. Clipping height was approximately 30 cm in 1986. Because working in tall stubble proved difficult, clipping height was reduced to about 6 cm in 1987.
SEED PRODUCTION
Seed production was estimated by dimension analysis for three of the four species studied, Amaranthus retroflexus, Chenopodium album and Portulaca oleracea. In a dimension analysis, the dimensions and biomass or seed production of sample plants are measured, the relations between these are established by regression, and the biomass or seed production of all plants in an area is estimated from their dimensions. Dimension analysis has been applied frequently to the estimation of forest biomass (Whittaker & Woodwell 1968; Whittaker & Marks 1975) , but has only occasionally been used to estimated seed production in herbs (Klemow & Raynal 1985) . More commonly, seed production of herbs has been estimated by counting plant parts and subparts (e.g. seeds per capsule, capsules per inflorescence, inflorescences per plant), and calculating the number of seeds by multiplication (FroudWilliams 1983; Klemow & Raynal 1981; Norris 1992; Jackson & Dewald 1994) . This approach was used for the grass species studied here, Digitaria sanguinalis, but was unsuitable for the three forbs because of the irregularirty of their inflorescences. In May 1986, four 1 x 0.5 m demography quadrats were randomly located between rows in each plot and marked with bamboo stakes. Weeds emerging in the quadrats were marked with toothpicks which were colour coded to indicate cohort. Because early germinants were killed in the soil by the residual herbicides, seedlings did not begin emerging in most treatments until late July when the herbicides began to dissipate. In these treatments, three cohorts were distinguished, corresponding to plants emerging in late July, August and September. No herbicides were used in Treatment 10 (uncropped control without herbicides), so seedlings began emerging immediately after tillage, and additional censuses were required. Because of the exceptionally high density of weeds in the uncropped control without herbicide (Treatment 10), only two quadrats were censused. Details of census procedures which relate to seedling survival are given in Mohler & Callaway (1992) .
As used in this paper, the term cohort refers to plants which emerged during the period between two censuses, or between tillage or herbicide application and a census. Distinct flushes of seedlings were not apparent in this experiment, except in the uncropped control without herbicide (Treatment 10) just after tillage. The cohorts of interest here are those which emerged after tillage and herbicide application. These are indicated as Post 1, Post 2 etc. in accord with Mohler & Callaway (1992) .
At the final census for each year, taken in October 1986 and September 1987, dimensions of reproductive individuals of the four most abundant weed species were measured in the census quadrats. These measurements were later used to estimate seed production of each plant (see below). Because the number of individuals surviving to maturity was small for some species in some treatments, additional plants outside the census quadrats were also measured. These additional plants were taken either from four 2-0 x 0.75 m quadrats centred on the census quadrats, or from these plus an additional two randomly placed 2.0 x 0-75 quadrats, or from the entire plot minus an edge buffer strip. The scope of the additional sample of plant dimensions was set for each species in each plot before Weed seed production and seed bank censusing of the plot began. The size of the sample was chosen to be above the minimum thought to be required for adequate estimation of biomass and seed production of the species.
The measurements taken were those most appropriate for describing the size and shape of each species. For the upright growing Amaranthus retroflexus and Chenopodium album, plant stature and stem basal diameter were measured. For Amaranthus the widest breadth of the canopy was recorded in 1986, and the length of the longest branch in 1987. Portulaca oleracea grew in an elliptical mat close to the ground, and for this species, the length and breadth of the ellipse were recorded. Numbers of large and small inflorescences were counted on Digitaria sanguinalis in 1986. To increase precision, the number of inflorescences, average number of branches per inflorescence and average length of the inflorescence branches were recorded for each Digitaria plant in 1987. The number of inflorescence branches was determined by taking the mean count of an arbitrary grab sample of five inflorescences. The length of inflorescence branches was determined by averaging the length of the median branch of the same five inflorescences.
To obtain information on seed production as a function of plant size, selected mature plants in alleys between plots and in unsampled parts of plots were measured as described above and harvested. Plants of each species were chosen to cover the range of size and shape expressed in the whole experiment. ForAmaranthus and Chenopodium, the sample plants were dried, hand threshed and the number of apparently sound seeds determined either by counting all seeds or, for larger plants, by counting a weighed subsample of the seeds. For Portulaca, the number of open and mature capsules was counted, the number of apparently sound seeds per capsule determined from a subsample, and the total seed production of the plant computed by multiplication. For Digitaria, spikelets were counted on samples of five inflorescences in 1986. Each sample was taken from a single plot and consisted of inflorescences from at least two different plants. The number of spikelets for each sample was later multiplied by the number of caryopses (henceforth referred to as seeds) per spikelet as determined from material collected the following year. In 1987, the lengths of individual inflorescence branches were measured and the number of spikelets on each branch determined. Samples of three or four inflorescence branches were collected from different plants, threshed by hand, and the number of filled seeds in subsamples of 25 spikelets determined by dissection. Number of seeds per cm of inflorescence, per inflorescence and per plant were then computed. Sample sizes are summarized in Table 2 .
Seeds from plants collected in 1987 were tested for germinability and the data used to adjust seed production figures. All seeds from each plant of Amaranthus and Chenopodium were tested, or, for large plants, a sample of 100 seeds was tested. Two subsamples of 25 seeds were tested from each of 10 randomly selected Portulaca plants. For Digitaria, half the filled seeds from the inflorescence samples described above were tested. Not all filled Digitaria seeds were available for testing since some were damaged during dissection from the spikelets. All testing was done in distilled water in Petri dishes lined with two sheets of Whatman No. 1 filter paper. Dormancy breaking procedures were developed for each species. Only the procedure for Digitaria failed to give germinability rates of 98-100% for many of the plants tested. DryAmaranthus seeds were baked at 50 'C for 2 weeks, then germinated in the dark with occasional light at about 40'C. Chenopodium seeds were cut at the embryo root tip and germinated in the light at 220C. Portulaca seeds were germinated in the light at 22 0C, and then dormant seeds were pierced and any additional germination recorded. Digitaria seeds dissected from spikelets were germinated at 22 'C in the light, with exposure to dark at 40 'C for 1-day periods at 1-month intervals For each Amaranthus and Chenopodium sample plant and for Portulaca sample plants whose seeds were tested, the number of seeds present was multiplied by the estimated fraction of viable seeds. The numbers of seeds for the remaining Portulaca plants were multiplied by the mean germinable fraction from the tested individuals. For Digitaria, estimated seed production for each plot was multiplied by the mean fraction of germinable seeds. Since germinability procedures were not yet developed when the 1986 sample plants were processed, seed counts from those samples were multiplied by the mean germinable fraction computed from the 1987 samples for all species. This procedure provides slightly lower, and probably more realistic, estimates of seed production for 1986, but does not account for possible differences in overall viability between the two years, or for any relation which may have existed between size of plant and germinability of apparently good seeds. However, no such relation was found for the 1987 plants.
Multiple regressions of the logarithm of number of germinable seeds on logarithms of plant dimensions were computed based on the harvested plants of Amaranthus, Chenopodium and Portulaca. Scatter plots of logarithm of number of seeds versus logarithm of each plant dimension showed that all relationships were linear. The spread parameter for Amaranthus was not significantly different from zero in either year and was dropped from the regression models. ForAmaranthus and Chenopodium, sample plants had been weighed before threshing, and similar regressions were developed for logarithm of plant weight versus logarithm of height and basal diameter.
Regression equations were used to estimate the number of seeds produced by each of the plants measured in the field. Seed production of Digitaria plants was computed by multiplication as explained above. For each species, the sum of seeds produced by all plants measured in a plot was computed and adjusted by the area sampled to obtain seed production per square metre. Seed production estimates were transformed to logarithms to stabilize variance, and subjected to analysis of variance. The mean production of seeds per plant was computed for each plot, Table 2 . Information used in the estimation of seed production. (a) Coefficients for regressions of log,(seeds + 1) against log,(plant dimensions). Numbers in parentheses are standard errors. n is the number of observations (plants). R 2 is the coefficient of multiple determination and expresses the fraction of total variance explained by the regression. Rw 2 is the coefficient of multiple determination for the similar regression of log (plant weight) against loge (plant dimensions) (see text) and logarithms of these values were subjected to analysis of variance also. Groups of treatments were compared using pre-defined orthogonal contrasts. Data are reported as the back transformed values of the means of the logarithms (i.e. geometric means) for seed production per unit area. Since some plots contained no mature plants of some species, the number of replicates for seed output per plant varied with treatment, and consequently the back transformed values of least squares means of logarithms are reported. For treatments in which five or more marked plants survived to maturity, the fraction of seeds produced by each cohort was also computed.
SEED BANKS
Seed banks were sampled in late October or November of 1985 November of , 1986 November of and 1987 . The intent of sampling during the autumn was to evaluate the overall effects of cropping systems on soil seed banks as opposed to effects of particular events (e.g. tillage, herbicide application). For species having seeds that survive in the soil for several to many years, the seed bank integrates the demographic effects of particular events and years, and thus samples taken during the period of enforced seed dormancy track long-term population trends.
632
Weed seed production and seed bank
In each plot six soil cores were taken in a regular grid using a 10-cm-diameter bulb planter. This is more than twice the minimum area per plot which Forcella (1984) found necessary for adequate assessment of a seed bank. Moreover, the 0*38-m2 area sampled per treatment approaches the maximum sample area used at most sites by Dessaint et al. (1990 Dessaint et al. ( , 1992 in their study of effects of sample size on variability in seed bank estimates. The 15-cm-deep cores were divided in the field into 0-5 cm and 5-15 cm portions. The six cores in each plot were combined, keeping the top and bottom portions separate. Samples were stored at 4?C until processing. After mixing, half the 5-15 cm sample was discarded to make the volume of soil to be tested more manageable. All samples were mixed with an equal volume of a peat moss and vermiculite mixture and spread in 12 x 51 cm perforated plastic trays. Because of the large numbers of seedlings in the 0-5 cm samples from the uncropped control without herbicide (Treatment 10), 20% subsamples were diluted to original sample volume with sterilized field soil in 1986 and 1987.
Trays were randomly positioned within replications on benches in a heated glasshouse and watered every 1-3 days as necessary to keep the soil moist. Day length was maintained at 14 h during the winter months. Seedlings were identified, counted and removed every 2-4 weeks, depending on the rate of emergence. After every third census, the soil was dried, stirred and watered with a balanced nutrient solution. Censusing continued 8-13 months, until the number of seedlings emerging became negligible.
Seedling counts were standardized on a metre square basis, and logarithms of the adjusted counts were taken to stabilize variance for analysis of variance. Interactions of tillage and sample depth were significant only for Digitaria in 1985 and 1987. Consequently, data from the upper and lower soil portions were combined for subsequent analysis and reporting. A group of autumn-germinating forbs including Stellaria media, Veronica arvensis, V peregrina, Capsella bursa-pastoris and Barbarea vulgaris showed 
Results

SEED PRODUCTION
Most seeds were produced by the first cohort of plants to emerge, especially in treatments with corn (Tables 3 & 4) . For example, of the 10 cases in Table 3 for which the Post 2 census accounted for more than 20% of the seed production, nine involved treatments without corn. The concentration of Amaranthus and Chenopodium seed production in the first cohort of the uncropped control without herbicide (Treatment 10, Table 4 ) tended to be greater than for other treatments without corn (Table 3) . Compared with other species, later cohorts of Portulaca tended to produce a greater fraction of the total seed production. For example, within a given year, no Amaranthus or Digitaria treatment had a first cohort fraction as small as the largest first cohort fraction for Portulaca (Table 3) . On an area basis, seed production of Amaranthus and Digitaria in no-till with corn was much greater than in till with corn in both years (Table 5 , compare Treatments 1 and 6 with 2 and 7), but tillage had no significant effect on seed production of Chenopodium or Portulaca. Seed 634 Weed seed production and seed bank production was less in the rye treatments for Portulaca in 1987 (Table 5 , compare Treatment 6 & 7 with 1 & 2), but otherwise rye had no significant effect. Seed production by the weeds was generally much greater in no-till and till without corn (Treatments 8 and 9) than in the corn treatments (Treatments 1, 2, 6, 7) ( Table 5 ). The difference was particularly great for Portulaca. Seed production in the corn treatments (1, 2, 6 & 7) changed little between the two years, but for Amaranthus, Portulaca and Digitaria seed production in the treatments without corn (8, 9, 10 & 12) increased greatly (Table 5) . For Amaranthus and Chenopodium, seed production in the uncropped control without herbicide (Treatment 10) was much greater than in the other treatments (Table 5 ). In contrast, seed production by Poretulaca and Digitaria in the uncropped control without herbicide (Treatment 10) was similar in magnitude to production in the weedier corn treatments (Table 5) .
Seed production per plant followed a pattern roughly similar to that for seed production per unit area (Table 6 ). Production per Amaranthus plant was greater in no-till treatments with corn than in till treatments (Table 6 , compare Treatments 1 and 6 with 2 and 7). Average seed output per plant was substantially greater in treatments without corn (8, 9, 10 and 12) than in treatments with corn (1, 2, 6 and 7) for all species (Table 6) , though the statistical contrast between comparable treatments (8 and 9 vs. 1, 2, 6 and 7) was not significant for Digitaria in 1987. Seed production per plant could not be estimated for Digitaria in 1986 because of the data collection methods. For Amaranthus and Chenopodium average seed production per plant was greatest in the uncropped control without herbicide (Treatment 10).
SEED BANKS
Estimated autumn seed banks of Digitaria were larger in no-till treatments with corn than in tilled treatments in all 3 years (Table 7) . Seed banks of Portulaca were also greater in no-till with corn in 1985, but the difference between the till and no-till with rye treatments disappeared in later years, leading to an overall lack of significance for the tillage comparison. In contrast with these summergerminating species, a suite of autumn-germinating species dominated by Stellaria media had significantly larger seed banks in all tilled treatments (Table 7) . Rye mulch had little effect on seed banks. The presence or absence of corn did not affect seed banks until 1987, at which time Portulaca, Digitaria and Amaranthus all had significantly larger seed banks in till and no-till without corn (Treatments 8 and 9) than in treatments with corn (1, 2, 6 and 7) ( Table 6) .
In all years, seed banks of Amaranthus, Chenopodium and Digitaria were higher in the uncropped control without herbicide (Treatment 10) than in treatments receiving herbicides (Table 7) . Portulaca had a larger seed bank in the uncropped control without herbicide (Treatment 10) in 1985, but the difference disappeared in later years. Absence of herbicide did not appear to affect the autumngerminating species (Table 7) . Discussion SEED PRODUCTION Measurement of seed production by dimension analysis was preferred to other approaches for several reasons. The same reasons prevented validation of the dimension analysis procedure by comparison with other methods. First, threshing seeds quantitatively from clip quadrats was too laborious to be practical with the available equipment. This was especially true because in most plots most of the seeds were produced by just a few individuals and thus large quadrats encompassing many plants would have been required to represent a plot adequately. Secondly, large clip quadrats would have removed many seeds from the plots, thereby modifying the weed community during the several years during which the study continued beyond the work reported here (Mohler 1991) . Thirdly, Portulaca and Digitaria are polycarpic, and therefore the quantity of seeds threshed from a quadrat clipped at any particular time would severely underestimate seed production over the whole season. Use of seed traps (Morris et al. 1986) was also not practicable because many traps would have been needed in each plot to estimate the number of seeds shed from these poorly dispersing and patchily distributed weeds. Moreover, seed trapping would not be feasible for Portulaca which releases its seeds only a few millimetres above the soil surface. Inspection of residual plots and scatter plots of the logarithm of seed production versus logarithms of stature and basal diameter indicated that the form of the regression model used to predict seed set of Amaranthus and Chenopodium was appropriate, but that apparently random variability was moderately large. Since seed production correlates with plant weight for these species, the high R2 values of the log-log regressions of plant weight on stature and diameter further supports the appropriateness of the model (Table 2) . For Chenopodium, especially in 1987, most of the variance about the regression was attributable to plants which produced no viable seeds because of fungal attack. The fungus was not apparent without microscopic examination of the seeds, so that these plants could not be tallied separately during the field census. Inability to determine regression parameters precisely makes estimates of seed production approximate. However, since the same regressions were used for all treatments and cohorts, the large differences in seed production between treatments and cohorts (Tables 3-6) are probably real.
Several studies have demonstrated that the first plants to emerge in a competitive environment have an advantage in biomass accumulation (Black & Wilkinson 1963; Knake & Silfe 1965; Ross & Harper 1972; Lapointe et al. 1984) . Such studies have led to a substantial literature on the effects of timing of weed emergence on competition between weeds and crops (reviewed in Radosevich & Holt 1984) . There have been fewer attempts to relate the time of emergence to weed seed production. Studies of winter annuals in range land and grain fields have found that seed production was usually greatest for the earliest emerging (Mack & Pyke 1983; Fernandez-Quintanella et al. 1986 ). Chancellor & Peters (1972) found that seed production by individual Avenafatua plants was greatest for the earliest cohorts, but that cohorts emerging 1-2 weeks later produced more seeds because of greater density. Similarly, Baskin & Baskin (1972) found that the first cohort of Leavenworthia stylosa, a winter annual of limestone pavement, produced the most seeds per plant, but that a later cohort contributed more to total seed production because of better survival.
The fraction of seed production contributed by the first cohort of Amaranthus, Chenopodium and Digitaria in treatments with corn (1, 2, 6 & 7) and in the uncropped control without herbicide (10) were higher in our study than in the reports just discussed (Tables 3 & 4) . Because weed emergence in corn treatments was delayed by herbicides, competition for all weeds was apparently intense, but especially so for the later cohorts which emerged after the canopy became dense. Similarly, in the uncropped control without herbicide (Treatment 10), the high density of weeds led to rapid canopy closure by the first cohort with subsequent disadvantage to later cohorts. In treatments without corn but with herbicide (Treatments 8, 9 and 12) the fraction of seeds produced by the first cohort of Amaranthus and Chenopodium was variable but tended to be lower than in the other treatments (Tables 3  and 4) , probably because these treatments lacked crop competition and had a relatively low density of weeds owing to the application of herbicides. The more equitable distribution of seed production among the several cohorts of Portulaca, particularly in 1986 (Tables 3 and 4) , may have been related to this species' prostrate growth form. Because the earliest emerging Portulaca could not grow upward with the competing crop in treatments with corn or with the other weeds in the uncropped control without herbicide (Treatment 10), the advantage of the first cohort relative to later emerging plants was probably not as great as for the other weed species.
The greater seed production by Amaranthus in the notill with corn as compared to the till with corn was due to greater seedling emergence, greater survival of plants to maturity in no-till conditions (Mohler & Callaway 1992) and greater seed production per plant (Table 6 ). The explanation for the better performance of Amaranthus in no-till conditions in this experiment is obscure. Additional experiments to address this question have shown no significant affect of tillage on Amaranthus survival (Mohler, unpublished data) . The greater seed production by Digitaria in the no-till treatments (Table 5) was primarily due to greater seedling emergence (Mohler & Callaway 1992) . Differences between till and no-till in emergence, survival and seed output per plant were much weaker for Chenopodium and Portulaca (Mohler & Callaway 1992, Table 6 ), and thus seed production was similar in the two conditions for these species.
The difference in seed production between cropped and uncropped treatments (Table 5) illustrates the importance ofl competition from the crop in reducing weed seed production. Even the effective treatment with residual herbicides used in this experiment allowed some weeds to emerge eventually (see Mohler & Callaway 1992) and, without competition from the crop, these produced many seeds (Table 6 ). Few comparable data exist. Edwards (1980) reported 1.5-to 15-fold greater seed production by Sinapis arvensis in the absence of a competing cereal crop, and Chancellor & Peters (1970) found an approximately linear reduction in the number of seeds produced by heads of Avenafatua in response to increased crop density. These effects of crop competition on weed seed production indicate the importance of using cover crops when ground is temporarily removed from production.
The first flush of Amaranthus and Chenopodium emerged much earlier in the absence of herbicides (Treatment 10) than elsewhere in the experiment, and consequently grew larger and produced more seeds (Tables  5 and 6 ). Although Portulaca also emerged more rapidly in the uncropped control without herbicide (Treatment 10), this short statured species was shaded by a dense overstory of the two dominant weeds and consequently produced fewer seeds per plant than in the controls which received herbicide (Table 6 ). Since emergence of Portulaca was also lower in the quickly shaded uncropped control plots without herbicide (Treatment 10), total Portulaca seed production was much lower in Treatment 10 than in notill and till without crop (Treatments 8 and 9, Table 5 ).
Given that differences among treatments in seedling emergence and survival were generally less than an order of magnitude (Mohler & Callaway 1992) , whereas seed production per plant often differed by several orders of magnitude, the importance of factors affecting the seed production of weeds is apparent. This finding is particularly notable given the relatively few studies which have analysed factors controlling weed seed production. This study also demonstrates that some weeds can maintain their populations, even though the cropping system prevents them from being competitive with the crop (for example, Amaranthus and Digitaria in no-till with corn: Table 5 and Mohler 1991).
Interpretation of seed bank studies depends on whether or not seed production is allowed to take place, on tillage method, and on the timing of sampling relative to seed shed, tillage and major flushes of seedling emergence (Mohler 1993) . The lack of interaction between tillage and depth of sampling for Amaranthus, Chenopodium and Portulaca was probably due to the timing of sampling. Although tillage undoubtedly buried large numbers of seeds, the rotary tillage used in the experiment probably did not bury seeds deeply (Roberts & Stokes 1965) , and, by the time of sampling in autumn, the surface seed bank had been replenished by new production. That the impact of tillage on the vertical distribution of seeds did not persist through the whole cropping cycle for some species should not be surprising, given that new seeds were shed onto the soil each autumn. Given the substantially greater seed production by 636 Weed seed production and seed bank Table 6 . Seed production per plant. Each value is the back transform of the least squares mean of the logarithm of the mean seed production within plots. Abbreviations: C, corn crop; NC, no corn crop; T, till; NT, no-till; R, rye mulch; NR, no rye mulch; Till v. notill with crop, Treatments 2 and 7 vs. 1 and 6; Rye vs. no rye with crop, Treatments 6 and 7 vs. 1 and 2; Till x rye interaction with crop, NS +, P < 0.1; *P < 0 05; **P < 0.01; ***P < 0.001; NS, not significant.
Amaranthus in the tilled treatments (Table 5) , the absence of a difference in seed banks between tilled and untitled treatments requires explanation. Many Amaranthus seeds were retained on the inflorescence well into the winter, and would not have been collected in soil samples obtained in the year of their production. However the lack of a build up of the Amaranthus seed banks in no-till treatments by the end of 1987 (Table 7) indicates that seed mortality was greater in the absence of tillage. Mortality due to emergence prior to application of herbicides was greater in no-till Amaranthus populations (Mohler & Callaway 1992) , but the magnitude of this effect was too small to explain the absence of a difference in the seed banks of till and no-till treatments. Probably the rate of seed predation was greater in the no-till plots (Brust & House 1988) , but whether this was because of predator response to the density of seeds, or a more favourable habitat for animals and fungi provided by higher residue levels, is uncertain. The lack of difference inAmaranthus seed banks between treatments with and without additional residue from rye indicates that more favourable habitat for seed predators may not completely explain the apparently greater disappearance of seeds in the no-till treatments. A density response by seed predators could also explain why seed production in the uncropped control without herbicide (Treatment 10) was 2-4 orders of magnitude greater than in other treatments (Table 5 ), but seed banks were perennially only 1-2 orders of magnitude greater (Table 7) . The larger seed banks of Digitaria and Portulaca in the no-till treatments in 1985 reflected depletion by tillage and hoeing, since seed production was not allowed in 1985 (Mohler & Callaway 1992) . Low seed-set by Portulaca in the treatments with corn (Table 5 ) led to declining seed banks (Table 7) , and loss of significant differences between till and no-till. In contrast, greater emergence and subsequent seed-set by Digitaria in the no-till treatments led to consistently larger seed banks in no-till. The increase in the ratio of the only important grass in the study, Digitaria, relative to the broadleaved species (Table 7) is similar to results of earlier studies (Pollard & Cussans 1976; Froud-Williams et al. 1983; Buhler & Daniel 1988) . A comparison of the effects of burial on the survival of grass and broadleaved weed seeds could be revealing.
Seed banks of autumn-germinating forbs increased in all treatments (Table 7) , probably because no treatment included weed control measures effective against these species. The build-up was more rapid, however, in till than in no-till treatments (Table 7) . The several species in this group shed many seeds in late spring and early summer just before planting, and these were incorporated into the soil in the till treatments. Earlier studies (reviewed in Mohler 1993) have shown that depletion of seed banks is more rapid when seeds are on the soil surface, and that seems to have been the case for these species.
Although seed production of all species tended to be greater in no-till and till without crop (Treatments 8 and 9) than in the treatments with corn (Table 5) , differences between the seed banks of cropped and uncropped treatments were slow to develop (Table 7) . No difference was expected in 1985 since seed production was prevented in that year. Since large pieces of plant debris, including inflorescence fragments, were brushed aside before collection of soil samples, the absence of an effect in 1986 Weed seed production and seed bank may have been due to a delay in the incorporation of seeds into the soil. By 1987, however, the greater seed production in the uncropped treatments had increased the seed banks of Amaranthus, Portulaca and Digitaria relative to the cropped treatments (Table 7 ). The meagre production by Chenopodium, even in no-till and till without crop (Treatments 8 and 9, Table 5 ), was insufficient to affect significantly the large seed banks of this species during the 2 years of the study (Table 7) . Overall, this study demonstrated the importance of lifehistory processes in the dynamics of weed communities. Although particular life stages of the various species often responded to the treatments in similar ways, no two species responded similarly in all respects. Effects of the various cropping systems compounded over life stages and years to produce a unique pattern of response for each species. Although the labour-intensive approach taken here is only occasionally feasible, it offers considerable potential for understanding the mechanisms whereby cropping systems act on weed communities.
